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ABSTRACT

There is a growing need to understand the potential neurotoxicity of organophosphate flame retardants (OPFRs) and
plasticizers because use and, consequently, human exposure, is rapidly expanding. We have previously shown in rats that
developmental exposure to the commercial flame retardant mixture Firemaster 550 (FM 550), which contains OPFRs, results
in sex-specific behavioral effects, and identified the placenta as a potential target of toxicity. The placenta is a critical
coordinator of fetal growth and neurodevelopment, and a source of neurotransmitters for the developing brain. We have
shown in rats and humans that flame retardants accumulate in placental tissue, and induce functional changes, including
altered neurotransmitter production. Here, we sought to establish if OPFRs (triphenyl phosphate and a mixture of
isopropylated triarylphosphate isomers) alter placental function and fetal forebrain development, with disruption of
tryptophan metabolism as a primary pathway of interest. Wistar rat dams were orally exposed to OPFRs (0, 500, 1000, or
2000 lg/day) or a serotonin (5-HT) agonist 5-methoxytryptamine for 14 days during gestation and placenta and fetal
forebrain tissues collected for analysis by transcriptomics and metabolomics. Relative abundance of genes responsible for
the transport and synthesis of placental 5-HT were disrupted, and multiple neuroactive metabolites in the 5-HT and
kynurenine metabolic pathways were upregulated. In addition, 5-HTergic projections were significantly longer in the fetal
forebrains of exposed males. These findings suggest that OPFRs have the potential to impact the 5-HTergic system in the
fetal forebrain by disrupting placental tryptophan metabolism.

Key words: endocrine disruptors; endocrine toxicology; flame retardants; metabolome; neurotoxicity; developmental; neuro-
toxicology; neurotransmitter; developmental toxicity; prenatal; reproductive and developmental toxicology; developmental/
teratology.
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Chemical flame retardants (FRs) have long been suspected of
contributing to rising rates of neurodevelopmental disorders,
with the now phased out polybrominated diphenyl ethers
(PBDEs) specifically linked to deficits in memory and cognitive
function (Bennett et al., 2016; Chen et al., 2014; Hoffman et al.,
2017; Messer, 2010). Replacement brominated flame retardants
(BFRs) have also been shown to have toxic effects, including
effects on brain and behavior (Bailey and Levin, 2015; Baldwin
et al., 2017; Jarema et al., 2015; Quevedo et al., 2019; Rock et al.,
2018), and are environmentally problematic because of their
persistence, thermostability, and lipophilicity. Consequently,
production and application of organophosphate flame retard-
ants (OPFRs), as an alternative FR class, has rapidly increased,
with global consumption jumping from 100 000 tons in 1992 to
680 000 tons in 2015 (van der Veen and de Boer, 2012; Wang
et al., 2015a; Wei et al., 2015). Although these alternatives show
less bioaccumulation than the PBDEs (Hou et al., 2016), likely
due to their rapid metabolism (Cooper et al., 2011; Hou et al.,
2016; Van den Eede et al., 2013a), their potential toxicity has not
been studied to the same extent. Neurotoxicity is a significant
concern because structurally related compounds with an organ-
ophosphorous backbone, including organophosphate

pesticides, have been shown in a variety of model systems to af-
fect brain development, and are suspected developmental neu-
rotoxicants in humans (Bjorling-Poulsen et al., 2008; Carr et al.,
2014; Dishaw et al., 2011; Jarema et al., 2015; Timofeeva et al.,
2008a,b).

Firemaster 550 (FM 550) is a commercial FR mixture com-
prised both BFRs and OPFRs, that rapidly became one of the
most commonly used FRs for baby products and residential fur-
niture (Stapleton et al., 2009, 2011, 2012). We have previously
reported evidence of behavioral effects in rats following devel-
opmental exposure, and identified multiple pathways by which
gestational FM 550 exposure may impact the placenta and de-
veloping forebrain (Baldwin et al., 2017; Rock et al., 2018). The
present studies were conducted to assess the degree to which
an OPFR mixture can impact neurodevelopmental outcomes by
altering placental function and disrupting neurotransmitter
(NT) signaling between the placenta and developing brain.

Due to their broad application as FRs and plasticizers in
paints, glue, lacquers, and other industrial products, OPFRs
have become ubiquitous environmental contaminants, with hu-
man exposure primarily occurring through inhalation, inadver-
tent ingestion of indoor dust, and dermal absorption (Kim et al.,

Table 1. Summary of Chemicals in Organophosphate Flame Retardant Mixture and Detection in Maternal Serum and Material/Fetal Placenta

Chemical Name
(Cas No.) Structure

Mass Fraction
(w/w) in Mixturea Exposure

Dam Serum
(ng/ml)

Maternal Placenta
(ng/g ww)

Fetal Placenta
(ng/g ww)

$ # $ #

TPHP(26040-51-7) 44.6 6 0.9% Control <MDL <MDL <MDL 11.1 6 2.6 (1) 5.9 6 0.2 (1)
High <MDL 19.0 6 3.2 (1) 18.9 6 3.5 (1) <MDL <MDL

2IPPDPP(28108-99-8;
93925-53-2; 64532-94-1)

26.9 6 1.1% Control <MDL <MDL <MDL 3.3 6 0.5 (1) <MDL
High <MDL 7.0 6 1.2 (1) 7.8 6 1.0 (2) 3.1 6 0.3 (2) 3.7 6 0.2 (2)

3IPPDPP 0.3 6 0.1% Control <MDL <MDL <MDL <MDL <MDL
High <MDL <MDL <MDL <MDL <MDL

4IPPDPP 4.9 6 0.8% Control 0.4 6 0.2 <MDL <MDL 2.1 6 0.3 (1) <MDL
High 6.5 6 1.6 7.5 6 1.3 (4) 10.2 6 1.8 (4) 6.8 6 0.9 (4) 7.8 6 0.7 (4)

24DIPPDPP 7.2 6 0.9% Control 2.2 6 1.3 <MDL <MDL <MDL <MDL
High 14.8 6 3.4 <MDL <MDL <MDL <MDL

B2IPPPP(69500-29-4) 11.1 6 0.9% Control NA <MDL <MDL 2.0 6 0.4 (1) <MDL
High NA 4.6 6 0.8 (1) 4.7 6 0.6 (2) 2.1 6 0.3 (2) 2.7 6 0.4 (3)

B3IPPPP 0.8 6 0.2% Control 0.1 6 0.07 <MDL <MDL <MDL <MDL
High 0.3 6 0.06 4.2 6 0.8 (1) 5.2 6 1.1 (3) 4.6 6 0.8 (4) 4.9 6 0.7 (4)

B4IPPPP 1.1 6 0.3% Control <MDL <MDL <MDL <MDL <MDL
High <MDL <MDL <MDL <MDL <MDL

T3IPPP(72668-27-0) 0.1 6 0.05% Control <MDL <MDL <MDL <MDL <MDL
High <MDL <MDL <MDL <MDL <MDL

Values represent the mean 6 SEM. Numbers in parentheses indicate number of samples that were > MDL, n¼4.

Abbreviation: MDL, minimum detection level.
aFrom Phillips et al. (2017).
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2019; Stapleton et al., 2008; van der Veen and de Boer, 2012).
Although the present studies focused on the OPFRs present in
FM 550, numerous other OPFRs are present in isomeric and
commercial mixtures with other classes of FRs (Behl et al., 2015).
Approximately 54% of FM 550 is made up of organophosphate
components, including triphenyl phosphate (TPHP also known
as TPP) and a mixture of isopropylated triarylphosphate isomers
(ITPs) (Phillips et al., 2017) (Table 1). TPHP is a high production
volume chemical (10–50 million lbs/year), used as a plasticizer
in products like polyvinyl chloride and circuit boards for deca-
des (World Health Organization & International Programme on
Chemical Safety, 1991), and has recently been found in nail pol-
ish (Mendelsohn et al., 2016). Consequently, TPHP has become
one of the most abundant and frequently detected OPFRs in in-
door dust globally (Abdallah and Covaci, 2014; Brommer et al.,
2012; Coelho et al., 2016; Stapleton et al., 2009; Tajima et al.,
2014). Biomonitoring studies have shown nearly ubiquitous de-
tection of diphenyl phosphate (DPHP), the primary metabolite
of TPHP, in urine samples (Butt et al., 2014; Cequier et al., 2015;
Dodson et al., 2014; Hoffman et al., 2014; Meeker et al., 2013; Van
den Eede et al., 2013b, 2015). Fewer studies have looked at the
prevalence of the ITPs, as this isomeric mixture was not fully
characterized until 2017 (Phillips et al., 2017). There is a growing
body of literature, however, showing that exposure in the
United States is common (Hammel et al., 2016). For example 1
study found detectable levels of mono-isopropylphenyl phenyl
phosphate (mono-IPPPP), which is a confirmed metabolite of
the ITPs, in 98%–100% of urine samples (Butt et al., 2014; Phillips
et al., 2018). Accumulating evidence of widespread exposure
highlights the pressing need to understand the potential neuro-
toxicity of replacement FRs like TPHP and the ITPs.

In a recent study by the National Toxicology Program, TPHP
was identified as a “high priority” chemical meriting additional
testing due to evidence of developmental and neurotoxic proper-
ties comparable with the BFRs it was meant to replace (Behl et al.,
2015). Additional studies in zebrafish have shown that acute or
developmental exposure to OPFRs, including TPHP, can interfere
with locomotor behavior (Jarema et al., 2015; Shi et al., 2018).
Mechanistic data are limited but indicate that OPFRs likely impact
neurodevelopment via multiple mechanisms, including the dis-
ruption of endocrine and NT signaling (Belcher et al., 2014; Kojima
et al., 2013; Liu et al., 2012, 2013b; Shi et al., 2018). For example, a
zebrafish study identified that TPHP can inhibit acetylcholines-
terase (AChE) activity and disrupt other NTs, including Gamma-
Aminobutyric Acid . In addition, the expression of genes involved
in neurodevelopmental processes such as cytoskeleton regula-
tion, axon growth, and neuron maturation, was also altered (Shi
et al., 2018). We have recently shown that FM 550 can alter seroto-
nin (5-HT) levels in the developing rat forebrain (Rock et al., 2018).
5-HT has also been shown to be a target of the organophosphate
pesticide chlorpyrifos (Aldridge et al., 2005; Slotkin and Seidler,
2005, 2007, 2008), which is structurally similar. Therefore, we hy-
pothesized that disruption of 5-HT signaling may be a critical
mechanism by which TPHP and ITPs can impact brain develop-
ment and behavior.

In addition to the brain, the placenta was also of primary in-
terest because it is a critical coordinator of fetal growth and de-
velopment, including neurodevelopment. A highly active
endocrine organ, the placenta is responsible for the transfer and
synthesis of hormones, monoamines, and other signaling fac-
tors required for proper brain development (Bonnin et al., 2011;
Bonnin and Levitt, 2011; Konkel, 2016; Nugent and Bale, 2015).
For example, the fetal side of the placenta serves as a critical
and primary source of 5-HT for the developing fetal forebrain

from gestational day (GD) 10 to 15; a time frame that precedes
the organization and function of the brain’s serotonergic net-
work (Bonnin et al., 2011; Bonnin and Levitt, 2011). Placental
function is environmentally responsive and sex-specific, with
placental sex (XX vs XY) determining many aspects of placental
development and function (Bale, 2016; Konkel, 2016; Nugent
and Bale, 2015). Such plasticity is believed to play a role in sex-
specific fetal programing, including neural changes that may
contribute to sex differences in risk of neurodevelopmental dis-
orders. One well-studied example is the programmatic effects
of prenatal stress, which results in male-specific placental in-
flammation and offspring hyperactivity (Bronson and Bale,
2014). Notably, maternal inflammation has been shown to dis-
rupt forebrain development via increased placental 5-HT output
to the fetal brain (Goeden et al., 2016). In our previous work in
Wistar rats, we found that FM 550 accumulates in placental tis-
sue and can alter various aspects of placental function, includ-
ing endocrine, inflammatory, and neurotransmitter signaling
(Baldwin et al., 2017) suggesting it may adversely impact neuro-
development (Rock et al., 2018) and later in life socioemotional
behaviors (Baldwin et al., 2017; Gillera et al., 2019). We have yet
to identify which of the chemical classes in the FM 550 mixture
(BFR vs OPFR) contributes to the adverse phenotypes. The pre-
sent studies focused on the OPFRs, with the hypothesis that pla-
cental NT production, particularly 5-HT and other tryptophan
metabolites, and forebrain serotonergic innervation would be
disrupted.

We employed a combination of hypothesis-generating
(RNA-sequencing [RNA-seq] and untargeted metabolomics) and
targeted (quantitative real-time PCR [qRT-PCR] and targeted NT
analysis) approaches to examine Wistar rat placentas following
gestational exposure to 500, 1000, and 2000 lg OPFRs/kg/day
(TPHP and ITPs, Table 1). The global 5-HT agonist 5-methoxy-
tryptamine (5-MT) (5 mg/kg/day) was included as a positive con-
trol for fetal 5-HT disruption. Development of the 5-HTergic
system in fetal Wistar rat brains was also examined using
immunohistochemistry.

MATERIALS AND METHODS

Animals
Animal care, maintenance, and experimental protocols met the
standards of the Animal Welfare Act and the U.S. Department
of Health and Human Services “Guide for the Care and use of
Laboratory Animals” and were approved by the North Carolina
State University (NCSU) Institutional Animal Care and Use
Committee (IACUC). A supervising veterinarian approved and
monitored all procedures throughout the duration of the proj-
ect. For each aim, Wistar rats were obtained from Charles River
(Raleigh, North Carolina) and bred in house as indicated in
rooms with 12 h:12 h light, dark cycles at 25�C and 45%–60% av-
erage humidity in the AAALAC approved Biological Resource
Facility at NCSU. As in our prior studies (Patisaul et al., 2009,
2012), and in accordance with recommended practices for endo-
crine disrupting chemical (EDC) research (Hunt et al., 2009; Li
et al., 2008; Richter et al., 2007), all animals were housed in condi-
tions specifically designed to minimize unintended EDC expo-
sure including use of glass water bottles with metal sippers,
soy-free diet, woodchip bedding, and thoroughly washed poly-
sulfone caging. The ARRIVE (Animal Research: Reporting of In
Vivo Experiments) Guidelines Checklist for Reporting Animal
Research was used in the construction of this manuscript with
all elements met (Kilkenny et al., 2010). The ARRIVE guidelines
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were developed in collaboration with the scientific community
as part of an NC3Rs (National Centre for the Replacement
Refinement and Reduction of Animals in Research) initiative to
improve the standard of reporting of research using animals.

Dosing Prep
All animals were orally dosed using a concentrated ITP-mixture
ethanol-based solution (approximately 100 mg/ml) prepared in
the Stapleton Lab. The commercial mixture was weighed using
a Mettler Toledo A21 Comparator microbalance and dissolved
in 100% ethanol to make the concentrated stock. This concen-
trated stock contained the same mixture and percent composi-
tion of TPHP and ITPs used in a prior study conducted in the
Stapleton Lab (Phillips et al., 2017). The chemical components
included TPHP (Cas No. 26040-51-7), 2-isopropylphenyl diphenyl
phosphate (2IPPDPP; Cas No. 28108-99-8; 93925-53-2; 64532-94-
1), 3-isopropylphenyl diphenyl phosphate (3IPPDPP), 4-isopro-
pylphenyl diphenyl phosphate (4IPPDPP), 2,4-diisopropylphenyl
diphenyl phosphate (24DIPPDPP), bis(2-isopropylphenyl) phenyl
phosphate (B2IPPPP; Cas No. 69500-29-4), bis(3-isopropylphenyl)
phenyl phosphate (B3IPPPP), bis(4-isopropylphenyl) phenyl
phosphate (B4IPPPP), and tris(3-isopropylphenyl) phosphate
(T3IPPP; Cas No. 72668-27-0; Table 1). The Patisaul Lab then pre-
pared each dosing solution (0 , 25 , 50 , and 100 mg/ml) by dilut-
ing the appropriate amount of concentrated stock with 100%
ethanol. These solutions were coded to blind dosing and subse-
quent testing. The global 5-HT agonist, 5-MT was used as a posi-
tive control for chemical disruption of 5-HT signaling in the
fetal brain because gestational exposure has been found to alter
brain neurochemistry (including 5-HT terminal density) and be-
havior in rats (Shemer et al., 1988, 1991), and prairie voles
(Martin et al., 2012). 5-MT was purchased from Sigma-Aldrich (5-
MT: Cas No. 608-07-1, 97% purity) dissolved in ethanol to obtain
the target dose of 5 mg/kg bw/day. All solutions were stored in
glass scintillation vials, wrapped in foil, and then stored at 4�C
until use.

Animal Husbandry and Exposure
Adult Wistar rats were obtained from Charles River at PND 70–
90 in batches referred to as cohorts (cohort 1: n¼ 20 females and
10 males, PND 70; cohort 2: n¼ 10 females, PND 70; cohort 3:
n¼ 40 females and 10 males, PND 90; cohort 4: n¼ 10 females,
PND 90). Two dams were paired with a single male during dies-
trus (as determined by vaginal cytology) to ensure they reached
the proestrus/estrus (peak sexual receptivity) stage while with a
male. After 72 h or detection of a sperm plug, males were re-
moved, and dams housed individually. GD 0 was defined 24 h
after separation or detection of a sperm plug. Dams were
weighed daily to monitor weight gain as an indicator of preg-
nancy. If dams were not successfully impregnated dosing was
terminated. These dams were incorporated in the next cohort
as part of the same dose group they were assigned originally af-
ter about a 2-week period where they were not being dosed.
Therefore, the number of dams being dosed as part of cohort 1
was 20, cohort 2 was 13, cohort 3 was 43, and cohort 4 was 13. Of
the females being dosed 12 were successfully impregnated in
cohort 1, 10 in cohort 2, 36 in cohort 3, and 12 in cohort 4.
Animals were maintained on Teklad 2020 (phytoestrogen-free)
diet, then paired and monitored for the presence of a sperm
plug. Exposure was once per day for 14 days across GDs 1–14. At
the time of dosing 20 ml of each dosing solution was pipetted
onto 1=4 of a soy-free food treat pellet (apple flavored AIN-76A
Rodent Diet Test Tabs, Test Diet, Richmond, Indiana) as we
have done previously (Patisaul et al., 2013) resulting in the

following exposure groups (animals randomly assigned; each
cohort contained animals in each exposure group): control (0 mg
OPFRs), 500 mg OPFRs, 1000 mg OPFRs, 2000mg OPFRs, and 1.25 mg
5-MT. The food treat was administered once the solution was
completely dry and consumption was monitored to ensure the
dam ate the entire treat. Dams were not dosed by individual
weight but rather by an average colony (all female) weight of
250 g at conception producing exposures of approximately 0, 2
(low), 4 (medium), and 8 (high) mg/kg bw/day OPFRs and 5 mg/
kg bw/day 5-MT (relative exposure likely decreased slightly
across the 10-day window as body weight increased, on average,
61 g across pregnancy). This method reduces handling and, con-
sequently, possible confounding by prenatal stress (Charil et al.,
2010).

Tissue Collection
Sacrifice on GD 14 was performed 4 h after final dosing
(12:00 h 6 60 min) to control for time postexposure and time of
collection. All dams and fetuses were weighed and sacrificed by
CO2 asphyxiation and rapid decapitation. From each litter, half
of the fetal heads were flash frozen whereas the other half were
drop-fixed in 4% paraformaldehyde. A single paw was collected
from each fetus to determine sex via PCR as previously de-
scribed (Baldwin et al., 2017; Poletti et al., 1997). Fetal age was
assigned using Witschi, Thelier, and Carnegie criteria as guides
(Hill). Placentas were collected, dissected, and flash frozen on
powdered dry ice. Placental dissection consisted of separating
the decidua, myometrium, and mesometrium (referred to as the
maternal side of the placenta) from the trophospongium and
labyrinth zone (referred to as the fetal side of the placenta).
When litters were large (greater than 12) a single placenta was
placed in 10% neutral buffered formalin for gross histopatholog-
ical assessment. Placentas, 4 from the control group (2 of each
sex), 4 from the 2 mg/kg OPFR group (2 of each sex), and 5 from
the 8 mg/kg OPFR group (3 males and 2 females) were sent to
the Histology Laboratory and the associated Anatomic
Pathology Core at the NCSU College of Veterinary Medicine for

Labyrinth Zone

Junctional Zone

A

B

Figure 1. A, A representative hematoxylin and eosin stained placental section

depicting location of the junctional and labyrinth zones. The dotted circle indi-

cates the region where the micropunches were obtained. B, Representative

images of a placenta mounted on the cryostat before and after two 1.25-mm

micropunches were collected.
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pathological analysis (no gross pathology was identified) and
confirmation of gestational age.

Most litters were confirmed to be between GDs 13 and 14,
with some falling outside of this range. Because placental func-
tions change dramatically over the course of gestation, to maxi-
mize consistency, we only used placentas from litters of the
correct gestational age. Frozen placentas were cryosectioned
(Leica CM1900, Nubloch, Germany) at an orientation that pro-
duced a cross-section of each layer, and sliced to a depth ap-
proximately one-third of the way through the tissue, where we
could see distinct layers, including the junctional and labyrinth
zone, as well as the maternal arterial channel as reference land-
marks for tissue collection (Figure 1). Then two 1.25-mm
punches were collected and stored in separate tubes at �80�C. A
single punch was used for RNA extractions for RNA-seq and
qRT-PCR. Majority of placentas used for gene expression analy-
sis underwent dissection to isolate the fetal side. However,
some punches were collected from whole placentas. For RNA-
seq this included whole placentas from the 0 mg/kg OPFR (1
male) and the 8 mg/kg OPFR (1 female, 1 male) dose groups. For
qRT-PCR this included whole placentas from the 0 mg/kg OPFR
(1 female, 1 male), 2 mg/kg OPFR (2 female, 3 male), 8 mg/kg
OPFR (2 female, 1 male), and 5-MT (1 female, 1 male) dose
groups. The remaining placental tissue, after slicing and collect-
ing punches, was reserved for NT analysis.

Only placentas that underwent dissection to isolate the fetal
side were used for NT analysis.

Serum Processing and OPFR Analysis
Serum samples were processed according to Butt et al. (2016).
Samples (approximately 1 ml) were allowed to thaw and then
were spiked with the internal standard 13C-TPHP (Wellington
Laboratories). Deionized water (1 ml) and formic acid (0.5 ml)
were added to deproteinate the serum. Samples were vortexed
and subsequently sonicated for 15 min. Serum extracts were pu-
rified in 2 rounds of solid phase extraction (SPE). The first SPE
purification step used Waters Oasis PRiME HLB extraction car-
tridges (500 mg, 6 cc). Briefly, cartridges were conditioned with
5 ml of dichloromethane, 5 ml of methanol, and 5 ml of deion-
ized water. After samples were loaded, the cartridges were
washed with 5 ml deionized water and vacuumed to dryness.
Analytes were eluted from the cartridges using 10 ml of 1:1
dichloromethane/ethyl acetate. Extracts were then concen-
trated to near dryness under a gentle stream of nitrogen and
reconstituted in 1 ml of hexane. The second SPE purification
step used Waters Sep-Pak Ca Certified Silica cartridges (1 g, 6 cc).
Briefly, cartridges were conditioned with 10 ml of hexane and
sample extracts were loaded. Analytes were eluted from the
cartridges using 10 ml of 1:1 hexane/ethyl acetate. Samples
were concentrated under a gentle stream of nitrogen, reconsti-
tuted in hexane, and spiked with the recovery standard dTPHP
(Sigma-Aldrich). Analytes were quantified using previously de-
scribed gas chromatography/mass spectrometry methods and
6-point calibration curves (Phillips et al., 2017). Average recovery
of 13C-TPHP was 97 6 11%.

Placenta Processing for OPFR Analysis
Dissected placentas from litters younger than GD 14 (GD 12–
13.5) were sent to the Stapleton Lab to quantify OPFR levels in
the fetal and maternal sides of the placenta (n¼ 4 per sex per
group, control and 2000 mg OPFRs only). Approximately 100 mg
of maternal placental tissue and approximately 200 mg of fetal
placental tissue were ground in 3 g of sodium sulfate and spiked
with internal stand 13C-TPHP (Wellington Laboratories). The

tissues were extracted by sonication in 1:1 hexane:dichlorome-
thane and purified using Florisil SPE cartridges (SUPELCO
Supelclean ENVI 6 ml 0.5 g). Briefly, cartridges were conditioned
with 5 ml of methanol and 3 ml of hexane. The sample was
loaded onto the cartridge and eluted with 8 ml of hexane (frac-
tion 1) followed by 10 ml of ethyl acetate (fraction 2). Fraction 2
was blown down to near dryness under a gentle stream of nitro-
gen, reconstituted in 0.5 ml of hexane and spiked with recovery
standard dTPHP (Sigma-Aldrich). Analytes were quantified us-
ing the same methods for serum analysis.

Placental RNA-seq
As an initial hypothesis-generating approach, placental
punches from the fetal side (5 per sex per group, from vehicle
and 8 mg/kg OPFRs) underwent RNA-seq. The experimental de-
sign and analysis were developed in consultation with the
NCSU Genomic Sciences Laboratory (GSL). RNA extraction was
performed with the Qiagen RNEasy Miniprep kit according to
the manufacturer protocol (Qiagen, Cat. 74134). RNA quality was
determined using an Agilent 2100 Bioanalyzer and all samples,
for both tissue types, had an RNA integrity number (RIN) ¼ 10.
Sequencing libraries were prepared as described previously
(Puzianowska-Kuznicka et al., 2006), using NEBNext Ultra
Directional RNA Library Prep kit and NEBNext Poly(A) mRNA
Magnetic Isolation Module (catalogs E7420 and E7490; New
England Biolabs), to be compatible with Illumina sequencing.
Isolation, heat fragmentation, and priming were performed
according to manufacturer’s instructions. cDNA synthesis was
followed by purification and size selection. Finally, library
clean-up was performed used AMPure XP beads (Beckman
Coulter Genomics, Cat. A63881) and quality was assessed using
the Agilent 2100 Bioanalyzer. Sequencing was performed using
a 125-bp single-end protocol on a single lane of an Illumina
HiSeq2500 sequencer. Approximately, 33 million uniquely
mapped reads were generated per placental library. The tran-
scriptome data discussed in this publication have been depos-
ited in NCBI’s Gene Expression Omnibus and are accessible
through GEO Series accession number GSE148266 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE148266).

RNA-seq Data Processing
Data analysis for placenta RNA-seq was performed in collabora-
tion with the Bioinformatics Core of the NCSU Center for
Human Health and Environment. Briefly, quality control (QC) of
read data was evaluated with FastQC. Alignment was per-
formed using STAR short read aligner (Wise et al., 2016) to Rattus
norvegicus (rn6) reference genome. The number of reads mapped
to genome features was determined using htseq-count script
from HTSeq (Anders et al., 2015) python package and count data
was imported to R statistical computing environment (R
Foundation for Statistical Computing, 2015) to normalize count
data, estimate dispersion, and fit a negative binomial model for
each gene, using an extended model matrix considering the
main effects of both sex and treatment as well as the interac-
tion term.

Initially, genes that had no counts in more than 2/3 of the
replicate samples were excluded from the analysis. Data nor-
malization based on dispersion and differential analysis were
conducted using DESeq2 (Deverman and Patterson, 2009) pack-
age. We fitted a generalized linear model (�Gender þ Dose) be-
tween the expression count, Gender (M, F) and Dose (Control,
High). Finally, differential expression analysis was preformed
between Female versus Male and high versus control dose. The
overall mean of the normalized counts, the log2(fold change),
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the p value, and the adjusted p value (p adj, also known as q val-
ues), adjusted for multiple testing using the Benjamini-
Hochberg False Discovery Rate (Benjamini and Hochberg, 1995),
were calculated.

Quantitative Real-time PCR
Analysis was performed on RNA from fetal side placenta
punches in all 5 treatment groups: control (8 female, 6 male; 4
litters), 2 mg/kg OPFR (9 per sex; 5 litters), 4 mg/kg OPFR (11 per
sex; 6 litters), 8 mg/kg OPFR (10 per sex; 5 litters), and 5-MT (9 fe-
male, 8 male; 5 litters). A set of preidentified genes of interest
were selected for qRT-PCR based on previous studies highlight-
ing inflammatory (interleukin-6: Il6), sex steroid signaling (es-
trogen receptor a: Esr1), stress (hydroxysteroid 11-beta
dehydrogenase 2: Hsd11b2), and NT pathways as potential tar-
gets of FM 550 (Rock et al., 2018). More specifically, we assessed
changes in the expression of genes involved in the transport
(solute carrier family 6 member 4: Slc6a4), synthesis (dopa de-
carboxylase: Ddc, tryptophan hydroxylase 1: Tph1), and metabo-
lism of 5-HT (monoamine oxidase a: Maoa). Because 5-HT
synthesis is dependent on the availability of tryptophan (Trp)
we also quantified the expression of enzymes related to Trp me-
tabolism (tryptophan 2,3-dioxygenase: Tdo2, indoleamine 2,3-
dioxygenase 1 & 2: Ido1 & Ido2) and kynurenine (Kyn) metabo-
lism (kynurenine 3-monooxygenase: Kmo). Finally, we followed
up on 1 specific gene of interest identified by our RNA-seq data,
superoxide dismutase 2 (Sod2). RNA extractions were performed
as described above for RNA-seq. RNA concentrations were nor-
malized to 20 ng/ll prior to cDNA synthesis. cDNA synthesis
was performed using high-capacity RNA-to-cDNA kits (Applied
Biosystems, Cat. 4387406) according to the manufacturer
instructions. Incubation for reverse transcriptase reactions was
60 min at 37�C, 5 min at 95�C, and the cDNA stored at �20�C un-
til use. A QuantStudio 6 Flex Real-Time PCR System and
TaqMan probes were used for qRT-PCR as previously detailed
(Puzianowska-Kuznicka et al., 2006). Triplicate reactions were
run as well as negative controls (no template present) for each
TaqMan assay. A house keeping gene (18 s rRNA) was used to
normalize CT values for differences in starting concentrations
of cDNA. Relative changes in expression were determined using
the Livak DDCT method (Livak and Schmittgen, 2001).

Neurotransmitter Analysis—Relative and Targeted
The relative abundance of several Kyn pathway metabolites
was first measured in the fetal portion of placentas (4 per sex
per dose group, from vehicle and high dose), including Trp, Kyn,
kynurenic acid (Kyna), xanthurenic acid (Xan), 5-HT, and 5-
hydroxyindole acetic acid (5-HIAA), to explore which might be
vulnerable to exposure and identify which would be appropriate
for further analysis. Placenta samples were transferred to 2.0 ml
Eppendorf tubes and 100 ll of acidified mobile phase and 500 ll
of cold methanol were added prior to homogenization using an
Omni tissue homogenizer with disposable tips. After about 10 s
of homogenization, the samples were allowed to sit at �20�C for
30 min before centrifugation for 15 min (4�C, 3000 � g) for pro-
tein precipitation. The supernatant was removed and trans-
ferred to a weighed 1.5 ml Eppendorf tube and taken to dryness
on a SpeedVac. The samples were then resuspended in mobile
phase A based on extract weight (30 mg/ml) and centrifuged for
15 min (4�C, 3000 � g). The supernatant was transferred directly
to an LCMS autosampler vial for analysis. QC samples were pre-
pared by pooling and mixing equal volumes of each sample.
The QC sample and blank samples were injected at regular
intervals throughout the sequence.

For quantification of the targeted pathway, a 1 mg/ml stock
solution of each of 6 Kyn pathway metabolites (Kyn, Trp, Kyna,
Xan, 5-HT, and 5-HIAA) was prepared using a 1:1:2 MeOH/H2O/
DMSO mixture acidified with 0.1% formic acid. These individual
stocks were combined and diluted to achieve a 1000 ng/ml
working standard solution of the Kyn pathway mixture. Seven
calibration standards ranging from 7 to 500 ng/ml were prepared
by serially diluting the working standard solution.
Chromatographic separation was achieved using a Waters
Acquity BEH C18 column (2.1 � 100 mm) and a linear gradient of
1%–100% acetonitrile with 0.1% formic acid (flow rate 350 ll/
min, 2 ll injections in duplicate). High-resolution mass spec-
trometry data was acquired using a Thermo Orbitrap ID-X mass
spectrometer in positive mode (spray voltage 3.5 kV, vaporizer
temperature 350�C) with a mass range of m/z 70–1000 and a
dwell time of 0.6 s based on the chromatographic peak width of
6 s allowing 10 scans across each peak for accuracy in quantifi-
cation. MS1 data were collected with a resolution of 120 000 and
an AGC target of 2.0e5. MS2 data was collected using a priori-
tized ddMS2 method. The first order scan priority was guided by
a targeted list of metabolites in the Kyn pathway (AGC target
1.0e5, resolution 30 K, and fixed HCD collision energy of 30). The
second order scan priority provided MS2 data for other metabo-
lites in the extracts for global metabolite profiling (AGC target
1.0e5, resolution 30 K, and stepped HCD collision energy of 10,
35, 50).

Targeted Neurotransmitter Data Processing
Peak integration and quantification were performed in
TraceFinder 2.3. Individual standard curves for each of the 6
Kyn pathway metabolites were constructed using extracted ion
chromatogram peak areas from MS1 data and the slope of each
curve was calculated using a linear curve fit. The concentrations
of the Kyn pathway metabolites in the study samples were cal-
culated in an identical manner relative to the regression line.
Calibration curves for each of the metabolites had R2 values
ranging from .9941 to .9997 for the linear range of 7–500 ng/ml.

Untargeted Neurotransmitter Data Processing
Preprocessing and annotation in CD 3.0. Raw data files were
uploaded into Compound Discoverer 3.0 (Thermo Fisher
Scientific) and processed using a workflow to find and identify
differences between samples. This workflow performed reten-
tion time alignment, unknown compound detection, and com-
pound grouping across all samples. Elemental compositions
were predicted for all compounds and chemical background
was hidden using blank samples. Compound annotations were
assigned using ddMS2 data in comparison with the mzCloud
database (Thermo Fisher Scientific) as well as molecular for-
mula comparisons with selected ChemSpider databases (KEGG,
HMDB, Mass Bank) which were further ranked using the
mzLogic algorithm (Thermo Fisher Scientific).

Compound annotations. A total of 22 458 compounds were identi-
fied in the data set. Compounds were filtered to exclude back-
ground resulting in 17 031 compounds of which 5931 were
annotated in Compound Discoverer. This subset was further fil-
tered to only include compounds that were mapped to a path-
way in Metabolika, resulting in 92 compounds. Manual curation
of these 92 compounds to remove duplicate and erroneous
annotations resulted in 68 compounds.

Statistical analysis in MetaboAnalyst. The filtered data set (68 com-
pounds) with peak areas per file was formatted for further
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statistical analysis in MetaboAnalyst (Yida et al., 2015). Sample
normalization, data transformation, and data scaling were set
to normalization by sum, log transformation, and pareto scal-
ing, respectively. Results were analyzed using univariate (t test/
ANOVA, Fold Change, Volcano Plot, Correlation Analysis) and
multivariate (principal component analysis [PCA], partial least
squares discriminant analysis [PLS-DA]) statistics as well as by
hierarchical clustering (Heatmap).

Pathway analysis in MetaboAnalyst. All 68 compounds selected for
statistical analysis as well as a subset of 20 compounds that
were highlighted in the top 15 features using both PLS-DA vari-
able importance in projections (VIP) score was analyzed using
the Pathway Analysis tool in MetaboAnalyst using the R. norve-
gicus reference library and a Fishers’ exact test for over-
representation analysis.

Fetal brain immunohistochemistry
Fixed fetal heads were cryosectioned (Leica CM1900) into 3 serial
sets of 20 mm sagittal sections, mounted on Superfrost Plus
slides (Fisher, Pittsburgh, Pennsylvania), and stored at �80�C.
Immunolabeling of 5-HT, Netg1a and HuC/D was consistent
with what we have done previously in floating sections using
antibodies validated previously by us or others and listed in the
Antibody Registry (http://antibodyregistry.org, last accessed
February 18, 2020) (Patisaul et al., 2008). All slides were brought
to room temperature and allowed to dry for 15 min. Then slides
were placed in room temperature methanol for 10 min, followed
by 3 10-min rinses in KPBS. A PAP pen was used to create a hy-
drophobic barrier around the perimeter of each slide for incuba-
tion. Slices were preincubated overnight in 2% donkey serum
(Colorado Serum Co, Denver, Colorado) and 0.3% Triton X-100 in
500 ll KPBS (LKPBS) per slide in a humidity-controlled chamber
at 4�C. The LKPBS was gently poured off, then the slides were in-
cubated in a humidity-controlled chamber at 4�C in a 500 ll
cocktail of primary antibodies directed against 5-HT (rabbit
anti-5-HT, 1:2000; Immunostar, Hudson, Wisconsin), Netg1a
(goat anti-Netrin-G1a, 1:1000; R&D Systems, Minneapolis,
Minnesota), and HuC/D (mouse anti-HuC/HuD 16A11, 1:500,
Invitrogen, Carlsbad, California) in LKPBS. HuC/D is a neuronal
marker and was used to confirm all 5-HT cell bodies were neu-
ronal (Patisaul et al., 2008; Polston et al., 2004). Netg1a positive
axonal projections are not only sensitive to 5-HT disruption and
thus a critical endpoint but also served as an anatomical land-
mark. All slides underwent 6 10-min washes in KPBS, then incu-
bated for 1 h at 4�C in a cocktail of secondary antibodies (Alexa-
Fluor donkey anti-rabbit 488, Alexa-Fluor donkey anti-goat 555,
Alexa-Fluor donkey anti-mouse 647; Invitrogen) each diluted to
1:200 in LKPBS. The slides were rinsed for 10 min in KPBS, coun-
terstained with Hoechst 33258 (Invitrogen), and finally under-
went a series of 5 10-min washes in KPBS before being
coverslipped with VWR micro cover glass (VWR, Radnor,
Pennsylvania) using a standard glycerol mountant made with
potassium bicarbonate.

Confocal Microscopy and Image Analysis
A developing rat atlas (Paxinos and Ashwell, 2018) was used to
verify neuroanatomical landmarks, and to ensure that only GD
14 fetal heads were analyzed. 5-HT, Netg1a, and HuC/D triple-
immunofluorescent label was visualized in all exposure groups:
control (6$, 7#), 2 mg/kg OPFR (5$, 5#), 4 mg/kg OPFR (4$, 5#),
8 mg/kg OPFR (6$, 6#), and 5-MT (8$, 8#). Anatomical identifica-
tion of a midline section corresponding figure 67 sagittal slice 3
in the brain atlas (Paxinos and Ashwell, 2018) was made in each

animal for quantification of 5-HTergic and Netg1a positive pro-
jections. Identification was made by using a cluster of dorsal
thalamic neurons that were Netg1a-immunoreactive (Bonnin
et al., 2011), which takes on a distinct fan shape close to the mid-
line, whose projections originate in the prethalamus and extend
dorsally toward the thalamus and hippocampus. Similarly, a
single brain section per animal was selected corresponding to
figure 66 E14 sagittal 2, to quantify 5-HT cell bodies,
Immunolabeling of all triple-labeled sections was visualized us-
ing a Leica DM6 B epifluorescent microscope. Leica Application
Suite X software measurement tool was used to determine the
length of 5-HTergic projections, from the base of the Netg1a-
immunoreactive cluster. Length was also determined for the
Netg1a-immunoreactive fibers and to assess the spread of 5-
HTergic cell bodies.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism ver-
sion 8 (La Jolla, California) with statistical significance set at

a� .05. Potential litter effects were accounted for either in the ex-
perimental design (by testing only 1 animal per sex per group)
or in the statistical analysis (by including litter as a covariate).
Accumulation of OPFRs in the placenta was analyzed by 2-way
ANOVA with chemical component and sex as biological varia-
bles, followed by Sidak post hoc tests to compare accumulation
of individual components in (1) male fetal side versus female fe-
tal side, (2) male maternal side versus female maternal side, (3)
and male versus female whole placenta. Two-way ANOVA fol-
lowed by Sidak post hoc test, with chemical and placental com-
partment (fetal vs maternal) as the 2 factors, was used to
determine if accumulation in the fetal and maternal side was
different regardless of sex. Finally, a paired t test was used to
compare the total burden of OPFRs in exposed placentas be-
tween male- and female-associated placentas from the same
litter. Because equal variance was not found for all endpoints,
gene expression was analyzed using nonparametric
approaches. Placental gene expression (qRT-PCR) data was first
analyzed using a 2-tailed exact Mann-Whitney U test with
males and females binned together to compare exposure groups
to controls. The data were then examined within sex and a 2-
tailed exact Mann-Whitney U test used to identify sex differen-
ces between male and female controls, and exposure-related
effects. Similarly, placental neurotransmitter levels were exam-
ined using a 2-tailed exact Mann-Whitney U test to look for
baseline sex differences, comparing male and female controls,
and exposure-related effects. Fetal forebrain projection and cell
body measurements in the control groups were first analyzed
by an unpaired 2-tailed t test to test for a sex difference.
Possible exposure effects were probed by 1-way ANOVA fol-
lowed by Dunnett’s multiple comparisons test. Female 5-
HTergic projections appeared to have a dose response even
though the ANOVA did not reveal a significant effect of dose.
Thus, a Brown-Forsyth test was conducted to confirm equality
of group variances, and then a test for linear trend was con-
ducted as the post hoc analysis.

RESULTS

Accumulation of OPFR Components in Placenta
Only tissues from the high-dose group (2000 mg) were examined.
A greater number of OPFR analytes were detected in placental
tissue (5/9) than in dam serum (3/9) (Table 1). Two components
were detected in both dam serum and placental tissue, 4IPPDPP
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and B3IPPPP, with levels consistently higher in the placenta. In
dam serum 24DIPPDPP was also detected and, at an average
concentration of 14.8 6 3.4 ng/ml, was the most abundant of 3.
TPHP, 2IPPDPP, 4IPPDPP, B2IPPPP, and B3IPPPP were observed in
both the maternal and fetal sides of the placenta. In control pla-
centas, levels were either below the minimum detection level
(MDL) or very low in comparison with placentas exposed to
8 mg/kg OPFR, with the exception of TPHP on the fetal side of
the placenta and 2IPPDPP on the fetal side of control female pla-
centas. Although detection of any analyte in the controls was
unexpected, for TPHP and 2IPPDPP they were only found in a
single sample. We cannot account for this exposure, but be-
cause OPFRs are so ubiquitous, unintended exogenous exposure
from an unidentified source is possible. Placental accumulation
was highest for TPHP, with levels reaching up to 19.0 6 3.2 ng/g
ww on the maternal side of female-associated placentas.
Frequency of detection in placenta samples was greatest for
4IPPDPP, with all high-dose placentas showing detectable levels
on both the fetal and maternal side. No other metabolite was
detected in all samples.

Sex differences in accumulation were considered plausible
because we have previously shown that components of FM 550
accumulate to a greater degree in male-associated whole pla-
centas than female (Baldwin et al., 2017). No significant effect of
sex was observed for OPFR levels on the maternal side or the fe-
tal side of the placenta. Analysis of the whole placenta also
revealed a significant effect of sex (F(1, 36) ¼ 4.4, p� .04) on OPFR
levels, however post hoc analysis did not reveal a significant ef-
fect of sex for any of the individual OPFR components
(Figure 2A). A significant difference in OPFR levels was also
found for the maternal versus the fetal side (F(1, 70) ¼ 44.9,
p� .0001). When examining the individual components, post
hoc analysis revealed a significant difference in accumulation
of TPHP (p� .0001) and 2IPPDPP (p� .02) with levels higher on
the maternal side. We also examined the total burden of OPFRs
in exposed placentas and although there was not a significant
difference between male- and female-associated placentas
from the same litter, total burden was suggestively higher in
male-associated placentas (Figure 2B).

Impact of Prenatal OPFR Exposure on Placental Gene Expression—
RNA-seq
RNA-seq of the placental transcriptome was performed on the
micropunches from the fetal side and analyzed as a hypothesis-
generating approach to identify possible modes of action.
Unfortunately, 1 female-associated placenta sample from the

8 mg/kg OPFR dose group had to be excluded for technical rea-
sons. RNA-seq results were first analyzed by sex, but lack of
separation in an unsupervised PCA prohibited this approach
and revealed reasonable separation for only the female-
associated placenta samples. Therefore, pathway analysis was
only conducted on female-associated placenta data. Differential
expression of 79 genes, at a p adjusted value of .05, was found in
female-associated placental tissue from dams exposed to 8 mg/
kg OPFR. Ingenuity Pathway Analysis (QIAGEN) software was
used to identify potential pathways perturbed by OPFR expo-
sure. To maximize rigor and reproducibility, several different
iterations were employed using the full gene list with a p ad-
justed value of .1 as a cutoff; no cutoff value was implemented
for fold-change. The first iteration included annotations from
all tissue types (Figure 3A), whereas the second iteration in-
cluded annotations from only placenta and nervous system tis-
sue types (Figure 3B) because we were specifically interested in
how changes in placental function may impact the brain.
Numerous pathways were identified in both analyses and are
enriched with genes that play roles in energy production as well
as cellular growth and development (Figure 3C).

Impact of Prenatal OPFR Exposure on Placental Gene Expression—
qRT-PCR
Follow-up analyses on genes of interest in the fetal side micro-
punches by qRT-PCR to validate RNA-seq findings, used a larger
sample size (n¼ 8–11 per sex per group) and considered sex as a
biological variable. It is well established that there are numer-
ous sex differences between male- and female-associated pla-
centas, including differences in gene expression (Bale, 2016).
Therefore, to assess baseline sex differences, the data were first
normalized to the control values for a single sex, in this case
males. When analyzed for baseline sex differences only one of
the genes showed a significant difference in expression be-
tween control males and females. Relative abundance of Tph1
was found to be significantly higher in control male-associated
placentas than in female-associated placentas (U¼ 4, p� .01;
Figure 5E).

Expression of Sod2 was significantly altered by OPFR expo-
sure (H¼ 31.5, p� .0001), with both the 4 mg/kg OPFR and 8 mg/
kg OPFR dose groups showing a significant reduction compared
with controls (p� .001; p� .0001; Figure 4B). This relationship
was also found when female- and male-associated placentas
analyzed separately (H¼ 16.8, p� .0008; H¼ 14.4, p� .003).
Reduced Sod2 was found at both the 4 mg/kg OPFR and 8 mg/kg
OPFR dose for female (p� .04; p� .002) and at the highest dose
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Figure 2. A, Levels of individual chemicals in whole placenta separated by sex. Graph depicts mean 6 SEM. B, Total burden of OPFRs in whole placenta from the 8 mg/

kg OPFR group separated by sex. Lines connect littermates. Abbreviations: OPFR, organophosphate flame retardant; TPHP, triphenyl phosphate.

210 | PLACENTAL GENE EXPRESSION



(8 mg/kg OPFR) for male-associated placentas (p� .006;
Figure 4C). Although a significant reduction in expression was
not observed for 4 mg/kg OPFR male-associated placentas, a
suggestive decrease was found (p¼ .06). Expression of Sod2 was
also reduced by treatment with 5-MT (U¼ 36, p� .001), in both
female- and male-associated placentas (U¼ 12, p� .02; U¼ 6,
p� .02; Figure 4C).

Relative abundance of Hsd11b2 was significantly impacted
by OPFR exposure (H¼ 24.8, p� .0001), with both the 4 mg/kg
OPFR and 8 mg/kg OPFR dose groups having significantly lower
expression (p� .011; p� .003; Figure 4E). When stratified by sex,
expression of Hsd11b2 was altered by exposure in both females
and males (H¼ 13.2, p� .004; H¼ 13.2, p� .004). At the highest
dose (8 mg/kg OPFR), female-associated placentas showed a sig-
nificant reduction in expression (p� .011), whereas males at the
4 mg/kg OPFR dose showed a suggestive decrease (p¼ .09;
Figure 4F).

Expression of Tph1 and Maoa were unchanged, but relative
abundance of Ddc was significantly altered by exposure to
OPFRs (H¼ 9.9, p� .02) with the 4 mg/kg OPFR dose group show-
ing a decrease in relative abundance compared with controls
(p� .05; Figure 5H). When stratified by sex, expression of Ddc
was significantly impacted by OPFR exposure (H¼ 18.9,

p� .0003), with female-associated placentas exposed in the
4 mg/kg OPFR and 8 mg/kg OPFR dose groups showing a signifi-
cant reduction in the relative abundance of Ddc (p� .03; p� .02;
Figure 5I). Expression of Ddc also appeared to be lower in the 5-
MT group, but did not reach statistical significance (U¼ 70,
p¼ .08) in the combined analysis (Figure 5I). Although not im-
pacted by OPFR exposure, expression of Tph1 was significantly
altered by 5-MT treatment (U¼ 58, p� .05; Figure 5D). When
stratified by sex, treatment with 5-MT lead to a significant re-
duction in the expression of Tph1 in male-associated placentas
(U¼ 1, p� .008; Figure 5E). Relative abundance of the 5-HT trans-
porter, Slc6a4, was significantly impacted by OPFR exposure
(H¼ 15.9, p� .001; Figure 5A) with expression in both the 2 mg/
kg OPFR and 4 mg/kg OPFR groups significantly lower than in
unexposed controls (0 mg/kg OPFR; p� .05; p� .0004; Figure 5A).
When separated by sex this relationship held true for both fe-
male- and male-associated placentas (H¼ 7.7, p� .05; H¼ 9.4,
p� .03). Female-associated placentas showed a significant de-
crease in Slc6a4 at the lowest dose (p� .03), whereas male-
associated placentas showed a significantly lower relative
abundance at both the 2 mg/kg OPFR and 4 mg/kg OPFR dose
compared with controls (p� .04; p� .01; Figure 5B). Kmo, which
is responsible for metabolizing Kyn, was not altered by OPFR
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exposure but was significantly impacted by treatment with 5-
MT (U¼ 41, p� .002; Figure 6B), which only held for male-
associated placentas when analyzed by sex (U¼ 6, p� .02;
Figure 6C).

Impact of Prenatal OPFR Exposure on Placental Neurotransmitters—
Targeted Analysis
Relative abundance of Trp, 5-HT, 5-HIAA, N-formylkynurenine
(N-formylKyn), Kyn, Kyna, 3-hydroxy anthranilic acid, Xan,
picolinic acid, L-glutamate, corticosterone, and progesterone
were all elevated in response to OPFR exposure. Similarly, tar-
geted quantification of the selected Kyn pathway metabolites
(Figure 7) revealed significant upregulation of all measured
metabolites (Kyn, Kyna, Xan, Ser, HIAA) in exposed animals
(Figs. 5 and 6 depict results from the targeted analysis for these
5 metabolites, and relative abundance for the others). Trp was

also measured and determined to be upregulated, however the
concentrations in the exposed samples far exceeded the upper
limit of quantification in the calibration curves generated so the
concentrations were unable to be extrapolated (data not
shown).

For the metabolites of interest, we first analyzed for baseline
sex differences. Only the concentration of Kyn was found to be
significantly higher in control female-associated placentas than
in male-associated placentas (U¼ 1, p� .05; Figure 6D).
Quantitative analysis of 5-HT, 5-HIAA, Kyn, Kyna, and Xan
showed a significant increase in the concentration of all of
these neuroactive metabolites in placentas exposed to 8 mg/kg
OPFR when compared with unexposed placentas from same sex
(Figs. 5J, 5N and 6D–F). For example, 5-HT reached 194 ng/ml in
male-associated, and 203 ng/ml in female-associated placentas,
which translates into a fold increase in approximately 63-fold in
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tivation of corticosterone (D), was downregulated in the 4 mg/kg OPFR and 8 mg/kg OPFR groups when sexes were combined. F, Expression of Hsd11b2 was downregu-

lated in the female 8 mg/kg OPFR group, whereas males showed only a suggestive decrease in expression at the 4 mg/kg OPFR dose. G, Relative abundance of

corticosterone appeared to be elevated in both female- and male-associated placentas exposed to 8 mg/kg OPFR, with males showing a greater exposure-related in-

crease than females. Graphs depict median with whiskers from minimum to maximum (*p� .05, **p� .01, ***p� .001, ****p� .0001).
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Figure 5. Effects of prenatal organophosphate flame retardant (OPFR) exposure on the relative abundance of genes involved in the transport, synthesis, and metabo-

lism of serotonin (5-HT) and levels of tryptophan, 5-HT and 5-hydroxyindole acetic acid (5-HIAA). A and B, Slc6a4, the 5-HT transporter, was lower in the 2 mg/kg and

4 mg/kg OPFR dose when sexes were combined for analysis, and in male-associated placentas when separated by sex. In female-associated placentas levels were only

lower in the 4 mg/kg OPFR dose group. (D and E) Expression of Tph1, enzyme that converts tryptophan to 5-hydroxytryptophan (5-HTP) (C), was significantly lower in

the 5-methoxytryptamine (5-MT) group in both the combined analysis and in male-associated placentas when separated by sex. E, Tph1 also showed a significant sex
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males and 20-fold in females (U¼ 0, p� .03; Figure 5J). 5-HTs me-
tabolite, 5-HIAA, also showed a significant increase in exposed
placentas with levels in female-associated placentas being 10
times higher and male-associated placentas 13 times higher
than unexposed same sex controls (U¼ 0, p� .03; Figure 5N). A
similar response was seen for Kyn, where levels were off the
curve in 8 mg/kg OPFR exposed placentas of both sexes repre-
senting an approximately 8- to 12-fold increase over the same
sex controls (U¼ 0, p� .03; Figure 6D). Kyna, was also elevated in
exposed placentas of both sexes with approximately a 17-fold
change in male- and female-associated placentas (U¼ 0, p� .03;
Figure 6E). Xan, a metabolite that was below the detection limit
in unexposed placentas reached 156 and 366 ng/ml in OPFR ex-
posed male- and female-associated placentas, respectively
(U¼ 0, p� .03; Figure 6F). Because Trp is the precursor to both
the 5-HT and Kyn pathway, changes in gene expression and rel-
ative abundance of metabolites for both pathways are summa-
rized in Figure 7.

Impact of Prenatal OPFR Exposure on Placental Neurotransmitters—
Untargeted Metabolomics
The LC-HRMS metabolomics data was also analyzed in an
untargeted manner to identify other pathways that may be per-
turbed by exposure. The data set was filtered down to 68 com-
pounds confidently annotated in Compound Discoverer
(molecular formula/isotope ratio match and MS/MS match). PCA
revealed distinct grouping of the conditions with minimal sex
differences (Figure 8A). PLS-DA indicated distinct grouping and
was used to rank features based on the variable VIP score which
indicated that the polyamine spermine was the most important
variable in distinguishing differences among the 4 conditions
(Figs. 8B and 8C). Several of the Kyn pathway metabolites (Kyna,
Xan, N-formylKyn, melatonin) and other features of note in-
cluded aspartic acid, glutamine, pyroglutamic acid, glutamic
acid, and adenine were identified in the top 15 features of im-
portance as well as by hierarchical clustering (Figs. 8B–D).

Impact of Prenatal OPFR Exposure on Development of 5-HTergic
Projections
Length of 5-HTergic projections, a cluster of Netg1a-
immunoreactive neurons, and the spread of 5-HTergic cell bodies
was assessed in GD 14 fetal brains. No significant sex differences
were detected for any endpoint when female and male controls
were compared. OPFR exposure did not significantly alter the
length of Netg1a projections or the spread of 5-HTergic cell bod-
ies. In female brains, 5-HTergic projections were not significantly
impacted by OPFR exposure, however a significant linear trend
was detected (F(1, 17) ¼ 4.5, p� .05, R2 ¼ .97; Figure 9A). Length of
5-HTergic projections was significantly altered by OPFR exposure
in male offspring (F(3, 19) ¼ 3.6, p� .03), with both the 4 mg/kg
OPFR and 8 mg/kg OPFR dose groups showing a significant in-
crease in length of projections (p� .007; p� .02; Figure 9A). A sug-
gestive increase in length of 5-HTergic projections was observed
in male brains exposed to 5-MT (p¼ .08; Figure 9A).

DISCUSSION

This study supports and expands upon our previous findings
that gestational exposure to FM 550 alters placental function, by
identifying Trp metabolism and the neurotransmitter 5-HT as
particularly vulnerable to OPFRs. Placental OPFR levels were not
sex-specific; an outcome that differs from our prior study that
identified sex specific TPHP placental accumulation following
gestational exposure to FM 550 (Baldwin et al., 2017). However,
when examining total placental burden of OPFR components,
male-associated placentas appeared to have been more heavily
exposed, which may contribute to the male-biased exposure-
related phenotypes observed, such as the length of 5-HTergic
projections in fetal brain. Pathway analysis indicated that gesta-
tional OPFR exposure may disrupt aspects of placental energy
production, cellular development, and protein synthesis; all of
which could negatively impact the health and development of
the placenta, fetus, and fetal brain. Most significantly,
exposure-related increases in placental Trp, 5-HT, 5-HIAA, Kyn,
and several other Kyn metabolites were observed in placentas
of both sexes. Untargeted metabolomics also indicated possible
perturbation of the alanine, aspartate, and glutamate metabo-
lism pathways. The observed increase in neuroactive metabo-
lites in the placenta was associated with a concomitant
increase in the length of 5-HTergic projections in the fetal fore-
brain. This phenotype was more pronounced in male offspring.
Collectively, our data suggest that there may be a causal and
sex-specific link between OPFR-induced placental disruption
and the fetal brain, particularly the development of the 5-
HTergic system.

The data consistently show that the synthesis and metabo-
lism of placental 5-HT was altered as a result of OPFR exposure.
Neurotransmitter analysis revealed an increase in the relative
abundance of Trp (the precursor to 5-HT), 5-HT, and its primary
metabolite, 5-HIAA, in placentas exposed to the highest dose
(2000 mg OPFR). It is unclear whether these changes in 5-HT are
indicative of changes in maternal blood levels or placentally de-
rived 5-HT. The 5-HT transporter, Slc6a4, is highly expressed in
both human and rodent placentas (Viau et al., 2009) and has
been localized to the villous trophoblasts where it is thought to
regulate the amount of 5-HT taken up from maternal circulation
(Viau et al., 2009). Alternatively, it has recently been shown that
the fetal side of the placenta may be the sole source of 5-HT for
the developing forebrain up until approximately GD 15 (Bonnin
et al., 2011; Bonnin and Levitt, 2011). Regardless, OPFR-induced
changes in placental Trp metabolism and 5-HT synthesis during
the mid-gestational window could result in altered
neurodevelopment.

Expression of Slc6a4 was significantly decreased in exposed
female- and male-associated placentas, suggesting OPFR expo-
sure could affect the storage and transfer of 5-HT to the fetus. To
better assess placental 5-HT output, the expression of enzymes
involved in 5-HT synthesis and metabolism, including Tph1, Ddc,
and Maoa was also examined. None were observed to be altered
in male-associated placentas, but expression of Ddc was

Figure 5. Continued

difference in the unexposed controls, with male-associated placentas having greater expression than female-associated placentas (cp � .05). (H) Expression of Ddc, the

enzyme that converts 5-HTP to 5-HT (G), was lower in the 4 mg/kg OPFR group in the combined analysis, whereas a suggestive decrease was observed in the 5-MT

animals. I, When separated by sex, lower expression of Ddc was observed in the 4 mg/kg and 8 mg/kg females. L and M. Expression of Maoa, the enzyme that converts

5-HT to 5-HIAA (K), was unaffected. F, Relative abundance of tryptophan was higher in placentas exposed to 8 mg/kg OPFR compared with unexposed placentas, with

male-associated placentas showing consistently higher levels than female-associated placentas. J and N, Quantitative analysis of 5-HT and 5-HIAA showed a signifi-

cant increase in the concentration of these neuroactive metabolites in male and female placentas exposed to 8 mg/kg OPFR. Graphs depict median with whiskers from

minimum to maximum (*p� .05, **p� .01, ***p� .001).
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significantly reduced in female-associated placentas. Ddc is re-
sponsible for converting the intermediate, 5-hydroxytryptophan,
to 5-HT. Decreased expression may be the placenta’s response to

high levels of 5-HT. These phenotypes were not recapitulated
with the 5-HT agonist, 5-MT, however male-associated placentas
exposed to 5-MT had decreased Tph1 expression. Importantly,
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although we did not see major effects of OPFR exposure on the
expression of these enzymes, a change in enzyme activity cannot
be ruled out, and may be more biologically meaningful. Follow-
up studies focusing specifically on placental 5-HT synthesis and
metabolism should include assessment of the activity levels of
these enzymes. Furthermore, prenatal stress has been shown to
increase the fraction of free Trp in maternal blood, which was as-
sociated with increased levels of Trp, 5-HT, and 5-HIAA in the fe-
tal brain (Peters, 1990). Thus, it is possible that the observed
increases in placental Trp are of maternal blood origin. Because
several of the phenotypes observed in this study, including ele-
vated levels of Trp, appear in models of prenatal stress
(Notarangelo and Schwarcz, 2016), follow-up work should also as-
sess effects of OPFR exposure on the maternal hypothalamic-
pituitary-adrenal axis.

Other neuroactive metabolites were also increased in the
OPFR exposed placentas. Previously, we found that FM 550 in-
creased the expression of tryptophan 2,3-diooxygenase (Tdo2)
and indoleamine 2,3-diooxygenase (Ido2), which break down
tryptophan; diverting it away from 5-HT synthesis and toward
Kyn. In this study Tryptophan Degradation III was identified as
an enriched pathway in the RNA-seq data set when analyzed
without filters (annotations from all tissue types included).
Although, there were no significant changes in Tdo2, Ido2, or
Ido1 expression in the OPFR exposed placentas, levels of Kyn
and its metabolites Kyna and Xan were significantly elevated.

Relative abundance of other Kyn metabolites, including N-for-
mylkynurenine, 3-hydroxy anthranilic acid, and picolinic acid,
was also elevated. These metabolites all act differently in the
brain, with some being neuroprotective (Kyn and picolinic acid)
and others having neurotoxic properties. In particular, exposure
to quinolinic acid (QA) can result in glutamate driven excitotox-
icity, through activation of N-methyl-D-aspartate receptors, oxi-
dative stress, and neuroinflammation (Lugo-Huitron et al.,
2013). The enzyme Kmo has been implicated in enhanced risk of
neurotoxicity because it elevates production of QA and its neu-
rotoxic precursor 3-hydroxykynurenine (3-HK) (Parrott et al.,
2016). Relative abundance of QA or 3-HK in OPFR exposed pla-
centas was unchanged, and expression of Kmo was only ele-
vated by 5-MT exposure. However, increased levels of Kyn in
the placenta could signify overexposure of the fetal brain to Kyn
and its neuroactive metabolites. A recent study in mice showed
that Kyn is able to cross the placenta to a greater degree than
Kyna, and leads to a subsequent increase in 3-HK in the fetal
brain (Goeden et al., 2017).

In our previous study, gestational FM 550 exposure signifi-
cantly decreased fetal forebrain 5-HT turnover, as determined
by the ratio of 5-HIAA:5-HT; an effect we concluded to be indica-
tive of reduced 5-HT activity in the fetal brain. 5-HT plays an in-
strumental role in many aspects of brain development
including synaptogenesis, cell proliferation and migration, mye-
lination, and differentiation (Gaspar et al., 2003; Kepser and

Figure 7. Summary of observed organophosphate flame retardant (OPFR) effects on metabolites and genes involved in the 5-HT and kynurenine metabolic pathways.

Metabolites elevated by exposure are bolded and colored according to the pathway of interest (red for kynurenine and green for 5-HT). Outcomes, changes in expres-

sion, and sex-specific effects, are also depicted. Created with BioRender.com.
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Homberg, 2015). Development and targeting of 5-HTergic axons
occurs during the gestational window in which placentally de-
rived 5-HT is required. Changes in placental output of 5-HT are
associated with blunting of 5-HT axonal outgrowth in the
mouse fetal forebrain (Goeden et al., 2016). Therefore, 5-HT sig-
naling between the placenta and fetal forebrain may be essen-
tial for the establishment of the 5-HTergic system itself. Here
we examined the length of 5-HT projections and spread of 5-HT
cell bodies, as well as the development of thalamocortical
axons, which are known to be 5-HT sensitive. Exposure to the
top 2 OPFR doses increased length of male 5-HTergic projec-
tions; a phenotype that was at least partly recapitulated by 5-
MT. The 5-HTergic system has been implicated in a variety of
neurological disorders (Charnay and Leger, 2010), including au-
tism spectrum disorder where hyperserotonemia is suspected
to be an endophenotype (Tanaka et al., 2018). Hyperinnervation
of the developing forebrain by 5-HTergic projections may be a
critical mechanism by which OPFR exposure impacts brain
physiology and behavior. We have previously observed changes
in 5-HT-dependent behaviors, including anxiety and hyperac-
tivity, in prairie vole and Wistar rat offspring exposed to FM 550
(Baldwin et al., 2017; Gillera et al., 2019). Ongoing work is seeking
to establish whether or not this is attributable to the OPFRs.

RNA-seq revealed other possible exposure-related pathway
changes. Clear separation of dose groups (control vs high) was
observed for female-associated placentas thus canonical path-
ways were identified in females only using 2 approaches; first
with no annotation filters (all tissue types) and second by apply-
ing annotations from only placenta and nervous system tissues.
There was a significant amount of overlap with 7 of the 15 path-
ways identified in common. Notably, activation of the retinoic
acid receptor (RAR) was highlighted in both of these analyses,
which has been shown to form heterodimers with retinoid X re-
ceptor (RXR) and regulate the transcription of genes involved in
endocrine and metabolic regulation as well as fetal develop-
ment (Lefebvre et al., 2010; Nakanishi, 2008). We have previously

shown that gestational exposure to FM 550 can perturb both the
farnesoid X receptor (FXR)/RXR and liver X receptor (LXR)/RXR
pathways (Rock et al., 2018). Therefore, RXR and the nuclear
receptors it forms complexes with, especially RAR, FXR, and
LXR, may be particularly susceptible to OPFRs.

Mitochondrial dysfunction was also identified as an impor-
tant pathway altered by OPFR exposure in all of the untargeted
approaches. This finding is consistent with recent in vivo and
in vitro work that highlighted OPFR-induced mitochondrial dys-
function and oxidative stress as potential mechanisms leading
to cytotoxicity and endocrine disruption (Chen et al., 2015; Yu
et al., 2019). Mitochondria are fundamental to energy produc-
tion, metabolism, and response to oxidative stress (Holland
et al., 2017). Oxidative stress has been identified as a potential
risk factor in the pathophysiology of placenta-related disorders,
including preeclampsia (PE) and intrauterine growth restriction
(IUGR). Over the course of pregnancy, the placenta upregulates
antioxidant enzymes for several reasons, including protection
of the fetus and the placenta itself. For example, mRNA expres-
sion of various antioxidant enzymes, such as Sod2, increase in
their expression to protect the placenta from oxidative stress in
an increasingly oxygenated environment (Jones et al., 2010;
Roland et al., 2010). Within the mitochondrial dysfunction path-
way, genes perturbed by OPFR exposure included ATP synthase
membrane subunit c locus 1 (Atp5mc1), parkinsonism-
associated deglycase (Park7), NADH:ubiquinone oxidoreductase
subunit A13 (Ndufa13), and Sod2. Although the RNA-seq data set
showed an increase in the expression of Sod2, by 1.5-fold, qRT-
PCR actually showed a significant decrease in both female- and
male-associated placentas, emphasizing the necessity for repli-
cation and assessment of enzyme activity.

Untargeted metabolomics identified the sialic acid N-acetyl-
neuraminic acid as potentially affected, a metabolite that has
been linked to inflammatory response and oxidative stress
(Yida et al., 2015). Similarly, upregulation of aromatic amino
acids (Phe and Tyr) and related metabolites (2-hydroxcinnamic

DA
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Figure 8. Principal component analysis scores plot (A), variable importance in projections (VIP) plots (B and C), and hierarchical clustering heatmap (D) from

MetaboAnalyst. Abbreviations: CF, control female; CM, control male; HF, high-dose female; HM, high-dose male.
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acid) was also observed. Both nucleotide metabolic pathways
and amino acid metabolic pathways have previously been
shown to be disrupted by exposure to arsenic, cadmium, and
bisphenol analogues (Sarma et al., 2018; Wang et al., 2015b; Yue
et al., 2019). Overall, these findings suggest that placentas ex-
posed to OPFRs may be susceptible to the effects of oxidative

stress which may play a role in functional changes similar to
phenotypes observed with PE and IUGR.

Exposure to high levels of glucocorticoids can elevate pro-
duction of reactive oxygen species leading to oxidative stress
(Bjelakovic et al., 2007). In both sexes, but particularly males,
corticosterone was elevated in the 2000 mg OPFR groups,
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whereas expression of the enzyme responsible for inactivating
corticosterone, Hsd11b2, was significantly reduced.
Upregulation of Hsd11b2 in the placenta is believed to be an
adaptive response to protect the fetus against increased levels
of maternal glucocorticoids (Benediktsson et al., 1997), and de-
creased expression has been observed in several models of pre-
natal stress (Jensen Pena et al., 2012; Mairesse et al., 2007;
O’Donnell et al., 2012). The programmatic effects of prenatal
stress on neurodevelopment likely stem from increased expo-
sure to maternal glucocorticoids in utero. Therefore, overexpo-
sure to corticosterone may be a potential mechanism by which
OPFR exposure alters aspects of brain development and behav-
ior and warrants further investigation.

Other mechanisms relevant to OPFR exposure and neurode-
velopmental outcomes include disruption of thyroid hormone
(TH) and acetylcholine (ACh) signaling. TH plays a vital role in
fetal development, particularly brain development, and disrup-
tion of maternal and placental TH regulation can result in ad-
verse pregnancy outcomes including severe neural and
cognitive deficiencies in the offspring (Chan et al., 2009).
Exposure to FRs, including OPFRs, can disrupt many aspects of
TH function including transport, synthesis, and metabolism
(Kim et al., 2015; Liu et al., 2013a; Patisaul et al., 2013; Rock et al.,
2018; Ruis et al., 2019). Activity of the enzyme AChE, which regu-
lates availability of ACh, has been used as a biomarker of neuro-
toxicant exposure (Souza et al., 2005) and appears to be inhibited
by OPFR exposure, including TPHP (Shi et al., 2018). Disruption of
AChE activity in both brain and placental tissue may have sig-
nificant implications for fetal brain development (Lips et al.,
2005). Although not addressed in this study, these mechanisms
should be considered in future investigations.

CONCLUSIONS

The placenta plays a critical role in fetal health and develop-
ment, including neurodevelopment. Multiple lines of evidence
have shown that placental dysfunction, as a result of prenatal
stress or infection, can lead to significant changes in brain de-
velopment and behavior (Bronson and Bale, 2016; Goeden et al.,
2016). However, very little is known about how exposure to en-
vironmental contaminants may alter aspects of placental func-
tion important for brain development. The data reported herein
indicate that altered placental function, may be a route by
which OPFRs can disrupt brain development and alter later-in-
life behaviors. More specifically, disruption of neuroactive
metabolites, including the NT 5-HT, was found in conjunction
with overgrowth of 5-HTergic projections in the fetal forebrain.
Although there is some overlap between this study and changes
in placental function as a result of FM 550 exposure, including
increased levels of placental 5-HT, there are some notable dif-
ferences. For example, with FM 550 exposure we saw numerous
changes in gene expression related to endocrine and inflamma-
tory signaling that were not observed in this study. This pro-
vides some preliminary mechanistic evidence for each FR class,
with the BFRs contributing to endocrine disruption and inflam-
mation and the OPFRs perturbing neurotransmitter signaling in
the placenta. Although a sex difference in the placental accu-
mulation of individual OPFRs was not observed, the sum OPFR
concentration trended higher in males. This study used real-
world complex mixtures, but independent examination of indi-
vidual components could further mechanistic understanding.
Greater resolution on changes in 5-HT signaling between the
placenta and fetal brain would also be beneficial and may be

obtainable in future studies by measuring levels of Trp and 5-
HT in the placenta as well as maternal and fetal blood. Our
results provide novel evidence that gestational exposure to
OPFRs can impact physiological endpoints in the rat placenta
and development of the 5-HTergic system in the fetal forebrain.
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